Despite considerable advances in our understanding of its pathogenesis and etiology, malignant mesothelioma remains only weakly responsive to standard modalities of cancer therapy. 1 Thus, there is an urgent need for new therapeutic options, beyond chemotherapy and surgery, 2 one such approach is gene therapy. [3] [4] [5] The premise of gene therapy is that 'therapeutic' genes are administered into the tumor, upon which their expression in transfected tumor cells could alter the course of disease. For example, local expression of the transgenes could enhance sensitivity of tumor cells to therapy, change immune responses against the tumor, block angiogenesis or reverse the malignant phenotype of tumor cells.
Mesothelioma gene therapy trials: the first lessons
Gene therapy may be particularly relevant for malignant mesothelioma as it is localized to the pleural cavity and accessible for in vivo gene delivery. 3, 6 Indeed, several gene therapy clinical trials have now been conducted. In fact, the first human gene therapy trial approved in the US as primary cancer treatment was aimed at mesothelioma. This phase I clinical trial 7, 8 conducted by Albelda and co-workers from the University of Pennsylvania Medical Center, involved the use of a replication-deficient adenovirus recombinant expressing the thymidine kinase gene from herpes simplex virus (HSVtk). 9 The HSVtk gene is the therapeutic gene: expression of this viral gene renders cells sensitive to the otherwise nontoxic antiviral drug ganciclovir. 10 Thus, postgene therapy treatment of patients with ganciclovir selectively kills tumor cells expressing the HSVtk transgene. This approach was highly successful in preclinical studies [11] [12] [13] [14] and in a Phase I clinical trial, 21 mesothelioma patients were treated by intrapleural instillation of the HSVtk-expressing adenovirus recombinant. 7, 8 After 2 weeks, patients received intravenous ganciclovir. The investigators reported minimal side effect and found evidence for intratumoral transgene expression in 11 of 25 evaluable patients. However, no objective early antitumor responses were reported. The same group then conducted a second trial, involving six patients, with an optimized (second generation) adenovirus-HSVtk recombinant 15 at higher doses and found that two of three surviving patients showed only minimal evidence of disease at six years post-treatment. 1, 16 A different approach to gene therapy, that is, immunogene therapy, was taken by our laboratory at the Sir Charles Gairdner Hospital (Western Australia, Australia). In an attempt to boost antitumor immune responses, tumor lesions were injected with a vaccinia virus recombinant expressing human interleukin-2 (IL-2). 17 Not only has IL-2 a positive effect on antigenspecific T-cells responses, in that it extends T-cell survival, 18 but this cytokine also has the capacity to block angiogenesis. 19 Moreover, clinical trials with intrapleural IL-2 administration have been conducted for mesothelioma, and other tumors, and have yielded encouraging results. [20] [21] [22] [23] In our study, six mesothelioma patients were treated with the vaccinia virus recombinant. No systemic or local toxicities were observed, and, despite antibody responses, vaccinia virus-IL-2 mRNA gene expression persisted in tumor biopsies for up to 3 weeks. There was no evidence of excretion of virus or transmission to contacts. A T-cell infiltrate was detected in 50% of tumor biopsies at the site of injection. However, no clinical responses were observed, suggesting that the treatment regimen needs further optimization.
Finally, researchers from Louisiana State University Medical Center performed a Phase I clinical trial in which they tested a strategy to combine the beneficial effects of HSVtk gene therapy and immuno-gene therapy. [24] [25] [26] Irradiated, allogeneic ovarian carcinoma cells were transduced with a retrovirus expressing HSVtk and administered intrapleurally. After 24 h, patients were treated with ganciclovir. The rational behind this approach was that ganciclovir-mediated death of the ovarian carcinoma cells, could generate an immunological 'bystander effect' (i.e., enhanced antitumor T-cell responses at the injection site of as well as at distant, nontransduced tumor sites). To enhance this immune response, BCG was used as an adjuvant. The transduced ovarian carcinoma cells migrated to mesothelioma lesions within 24 h after intrapleural administration. 26 The investigators observed minimal side effects and significant post treatment increases in the percentage of CD8 T lymphocytes in pleural fluid. No information on clinical responses has been reported so far.
Improving gene therapy
These three seminal clinical studies in the field of mesothelioma gene therapy illustrate the key issues that will determine the success of future clinical trials. First, the choice of the vector carrying the transgene is important. The three vectors used in the mesothelioma trials, that is, replication-deficient adenovirus, vaccinia virus and irradiated tumor cells, all have their advantages and disadvantages, as we will discuss in more detail below. The associated issue is the efficiency and route of vector delivery. How can we target as many tumor cells as possible and achieve durable transgene expression? And, given that it is probably impossible to reach all tumor cells, how can we maximize antitumor bystander effects? Finally, there are clearly different strategies in the choice of the transgene(s). Again, the mesothelioma clinical trials demonstrate the point. One strategy is to use genes that will enhance the efficacy of subsequent chemo-or immunotherapy, as exemplified by HSVtk gene therapy. The other approach is to stimulate the patients' own immune system to attack the tumor, by using, for instance, cytokine genes such as IL-2. An exciting possibility is that the two approaches could be synergistic when used in combination.
In the following sections, we will discuss recent progress made in these areas. Although the initial enthusiasm for gene therapy has been tempered, as anticancer benefits have not yet been fully realized, the current focus on vector and delivery technology will undoubtedly lead to clinically viable protocols.
Gene therapy vectors
Recombinant adenoviruses are the most widely used gene therapy vectors. 4, 27 Adenoviruses are DNA viruses with a 36 kb genome. Up to 8 kb of foreign DNA can be inserted in the four early transcription units E1-E4. In the first generation of vectors, foreign DNA was inserted in place of the E1 or E3 regions. These first generation vectors induced strong inflammatory responses, which has both advantages and disadvantages. The obvious problem is that the inflammatory response impairs transgene expression, obstructs successful readministration and could even result in life-threatening toxicity. To address this problem, second generation vectors were constructed with further deletions in the E2b and E4 regions, thereby limiting antiviral immune responses. However, for cancer gene therapy, the induction of intratumoral inflammatory responses is probably beneficial. A different strategy to control the toxicity of acute inflammatory responses is to combine adenovirus-mediated gene therapy with immunosuppressive drugs such as corticosteroids, cyclosporin and FK506. In fact, the combination of HSVtk expressing adenoviruses with systemic corticosteroid treatment has been trialed in mesothelioma patients. 28 The results suggested that combination treatment could limit acute toxicity but did not inhibit antiadenoviral B-and T-cell responses. For the treatment of mesothelioma, this could be a favorable outcome.
First generation E1-deleted recombinants vectors are replication incompetent because the E1 gene product is essential for viral replication. This is an important safety feature, but it also limits expression of the transgene to the initially infected cells. In contrast, E3-deleted recombinants are replication competent. 4, 29 These viruses can infect neighboring cells, and spread the transgenes. A potential limitation is the cellular receptor of the recombinant virus: most adenovirus vectors are based on the group C adenovirus serotype 5 strain (Ad5), 30 which uses the coxsackie and adenovirus receptor (CAR) as its receptor. This receptor is poorly expressed on dendritic cells (DC) and primary tumor cells, thus limiting spread of the recombinant virus. This issue has been solved by replacing the receptor-binding Ad5 fiber proteins with the fiber proteins from group B serotype viruses, which use the more widely expressed CD46 protein as the cellular receptor. 31 On the other hand, replication competent viral recombinants carry the risk of disseminated viremia. To solve this problem, conditionally replication competent adenoviruses have been constructed by mutating the E1a or E1b genes. 32 E1b normally inactivates p53 and, as originally reported, E1b-deficient adenovirus, ONYX-015, replicates only in p53-negative tumor cells. 33, 34 It is now clear, however, that replication of ONYX-015 is not entirely dependent on the p53-status of tumor cells. 35, 36 Indeed, certain p53-positive mesothelioma cell lines were killed by ONYX-015. 37 Recombinant vaccinia viruses have the capacity to direct high-level transgene expression in a wide variety of cell types. As the generation of vaccinia virus recombinants involves replacement of the viral thymidine kinase gene by the transgene, recombinant vaccinia viruses, such as the one used in our clinical trial, are replication restricted. Vaccinia virus causes a lytic infection and, similar to the first generation adenovirus recombinants, induces strong antiviral immune responses. 26, 38 The advantage of this is that tumor antigens of vaccinia virus infected, dying tumor cells are presented to the immune systems in a proinflammatory context. In the context of immuno-gene therapy, the result could be a strong antitumor immune response.
The use of irradiated autologous or allogeneic tumor cells as gene therapy vectors has yielded promising results in preclinical models. Tumor cells have been engineered to express HSVtk, 24 but also genes encoding cytokines or costimulatory molecules. An important advantage of this approach is that transfected tumor cells can present tumor antigens in an immunogenic fashion, thereby enhancing antitumor T-cell responses. 39 A similar argument can be made for the use of DC as transgene carriers. DC are the most effective antigen presenting cells and are found in all tissues and organs of the body. [40] [41] [42] They sample antigens in peripheral tissues and present these to T cells in secondary lymphoid organs. Thus, intrapleural or intratumoral instillation of activated DC, expressing proinflammatory cytokines, could generate or enhance antitumor immune responses. Recent studies have demonstrated the feasibility of transfecting human DC with genes encoding cytokines, 43 with objective responses observed in some patients. 44 Alternative gene therapy vectors include retroviruses, lentiviruses, herpesviruses, and adeno-associated virus. None of these vectors has been used for mesothelioma so far. A detailed discussion on the pros and cons of these vector systems for cancer gene therapy is provided by several recent reviews.
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The payload: which genes to express?
Five categories of transgenes can be distinguished. First, there are sensitivity or 'suicide' genes that render the tumor cells selectively susceptible to therapy. 45 The HSVtk gene is the best example, but there are other candidates. Bacterial cytosine deaminase gene converts the pro-drug 5-fluorocytosine into a cytotoxic one. 46 Adenovirus-mediated expression of the cytosine deaminase gene, in combination with 5-fluorocytosine therapy, displayed significant antitumor effects in vitro and in preclinical models 47, 48 and has been tested in a Phase I clinical trial. 49 Furthermore, increased radiosensitivity was conferred by iNOS (inducible nitric oxide synthetase), 50 cytosine deaminase (in combination with 5-fluorocytosine therapy) 51 and p53 gene transfer. 52 Use of the radiation-inducible WAF1 promoter to drive expression of, for instance, iNOS, could enhance this even further. 53 Of these options, only HSVtk has been studied in mesothelioma so far. A major advantage of HSVtk is a 'bystander effect', which requires only a small percentage (10-20%) of tumor cells to be transduced with HSVtk, thereby overcoming gene delivery limitations. [54] [55] [56] The nature of this bystander effect is complex and appears to involve passage of toxic ganciclovir metabolites from transduced to nontransduced cells via gap junctions or apoptotic vesicles, 57 and the induction of antitumor immune responses capable of killing tumor cells not expressing the HSVtk transgene. 58, 59 The second category of transgenes entails immune stimulatory genes, including cytokines, 60 IFN-a, IFN-b, 68 IFN-g, 69 TNF-a, 70 have been studied and shown to stimulate antitumor immunity in the context of gene therapy. The effects of these genes have been mostly studied in the context of transduced tumor cell lines and adenovirus recombinants. Of particular interest for mesothelioma is an adenovirus recombinant expressing IFN-b. 68 In preclinical studies, this recombinant showed enhanced efficacy in combination with debulking surgery, chemotherapy (gemcitabin and cisplatin), or cyclooxygenase-2 inhibition. 1,71,72 A similar synergy was seen when GM-CSF or B7.1 gene therapy was combined with debulking surgery 67 or when IFN-a treatment was combined with chemotherapy. 73 The fact that IFN-a and -b stimulate crosspriming of CD8 þ T cells, 74 suggests that this immune priming step may be rate-limiting in the efficacy of conventional treatments. 75 The IFN-b adenovirus recombinant was subsequently studied in a Phase I clinical trial at the University of Pennsylvania Medical Center, in collaboration with the Biogen-IDEC Corporation (Cambridge, MA).
1 Eight patients (six mesothelioma patients, one ovarian cancer and one metastatic lung cancer patient) were treated with a single, intrapleural dose (9 Â 10 11 -3 Â 10 12 viral particles) of the IFN-b producing adenovirus recombinant. At day 60, four patients of the seven who underwent repeat imaging studies had progressive disease, and three patients had stable disease or partial responses.
The third category of therapeutic genes is based on a 'gene replacement' principle. Mutated or absent tumor suppressor genes (in particular the p53 tumor suppressor gene), which are responsible for the malignant phenotype, are replaced by their normal counterparts. For example, restoration of wt-p53 function in p53-deficient tumor cells induces malignant cell death via apoptosis or growth arrest, despite the presence of multiple genetic abnormalities within the cell. 76 Although mutations in the p53 gene are uncommon in malignant mesothelioma, 77 overexpression of wt-p53 may still be an option because inhibitor proteins such as MDM2 and SV40 large T antigen may impede p53 function. 69 This is supported by studies showing that transfection of human meso thelioma cells with an adenovirus recombinant expressing wt-p53 induced apoptosis and inhibited tumor cell growth in vitro. 78 In contrast to p53, inactivation of the INK4a/ ARF locus appears to be common in mesothelioma cells. [79] [80] [81] The INK4a/ARF gene generates two products, the p16INK4a protein, a cyclin-dependent kinase inhibitor, and p14ARF, which blocks MDM2-mediated inhibition of p53. 82 Thus, deletion of the INK4a/ARF gene can lead to uncontrolled proliferation despite the presence of wild-type p53. In fact, the absence of the p14ARF protein in mesothelioma cells may explain why the ONYX-015 vector kills these cells. 37 Moreover, adenovirus-mediated replacement p16INK4a, and to a lesser extent p14ARF, promotes tumor cell death and tumor suppression. [83] [84] [85] Intratumoral injection of an adenovirus recombinant expressing p16INK4a inhibited growth of established human mesothelioma xenografts in immunodeficient mice and prolonged survival. 78 An alternative method to inhibit malignant cells is the introduction proapoptotic genes. Adenovirus-mediated transfer of the proapoptotic Bcl-2 family member Bak induced apoptosis in mesothelioma cell lines. 86, 87 A general disadvantage of these gene replacement strategies is the lack of bystander effects.
The fourth group of potential transgenes comprises antiangiogenic genes. 88, 89 Proteins such as angiostatin and endostatin, or vascular endothelial growth factor (VEGF) antagonists, such as truncated versions of the VEGFreceptors flk1 and flt1, have shown antitumor effects in the context of adenovirus-mediated gene transfer. 90 Simultaneous expression of soluble flt1 and human pigment endothelial-derived factor (PEDF) via recombinant adenoviruses inhibited mesothelioma tumor growth in a preclinical model. 91 Importantly, cytokines such as IL-2 and IL-12 also show potent antiangiogenic effects, 92 as demonstrated in our laboratory in a preclinical mesothelioma model. 19 Finally, the fifth category of potential transgenes comprises tumor antigens, that is, cellular proteins that have altered expression in tumor cells as compared to normal cells. Expressing tumor antigens in a proinflammatory fashion should boost antitumor immune responses. This strategy, which is also referred to as 'therapeutic cancer vaccination', has met some success in melanoma patients. 93 However, a prerequisite is that tumor antigens are known, and this is not the case for mesothelioma although both mesothelin and the SV40 large T antigen may be possible candidates. Mesothelin is overexpressed in most mesotheliomas, 94 and has the capacity to induce CD8 T-cell responses, as shown by Jaffee and co-workers. 95 The role of SV40 in mesothelioma is more controversial 96, 97 but vaccinia virus recombinants expressing the large T antigen are being developed as potential antimesothelioma agents. 98 Thus, at present, therapeutic vaccination for the treatment of malignant mesothelioma is still in its infancy.
Gene delivery
The limiting factor in the efficacy of gene therapy as anticancer treatment is the efficiency of gene delivery. Most mesotheliomas are localized in the pleural cavity, and are therefore more accessible than other (metastatic) cancers. However, it is still unlikely that treatment will reach all malignant cells. Thus, the success of gene therapy depends on systemic 'bystander' effects. The best candidate to accomplish this in anticancer treatments is the immune system.
Most clinical and preclinical studies have used intrapleural administration of gene therapy vectors. In the case of the HSVtk-expressing adenovirus recombinant, this resulted in high-level, albeit superficial, expression of the transgene in tumor cells. 1 The alternative is direct intratumoral injection. This is an approach that was pioneered in our laboratory using serial injections of IFN-a, IL-2, continuous intratumoral infusion, of GM-CSF 60, 99 and, with respect to gene therapy, the IL-2 expressing vaccinia virus recombinant. 17 It has also been demonstrated that endoscopic ultrasound can accurately deliver gene therapy vectors, that is, ONYX-015 in unresectable pancreatic carcinoma. 100 These studies illustrate the feasibility of directly targeting the tumor.
Future directions
Given the accessibility of mesotheliomas for gene therapy vectors, it seems likely that most room of improvement lies in the vector technology itself. 3 The relatively inefficient delivery of transgenes in tumor tissue provides a compelling argument to further develop viral gene therapy vectors, since replication competent viruses have the capacity to spread through the tumor and amplify the transgene, in contrast to gene transfer via tumor cells or DC. Also, gene transfer via infection, mediated by viral particles, is more efficient than naked DNA transfection. Thus, as there is no shortage of potential transgenes, future research in the field of gene therapy will most likely be directed at improvement of vector technology. In the case of viral vectors, it will be important to define the balance between viral replication and antiviral immunity. Given the history of anticancer gene therapy, it seems likely that the further development of adenovirus vectors will receive most attention in the near future. In particular, expression of transgenes under the control of tumor-specific promoters is promising, as shown for the human telomerase promoter. 101 Since mesothelin is highly upregulated in mesothelioma, 94, 102 use of the mesothelin promoter 103 to drive adenovirus-based transgene expression could show potential. Beyond adenovirus vectors, it is notable that the potential of vaccinia virus recombinants as (immuno-) gene therapy vectors has remained relatively underdeveloped. Vaccinia viruses can trigger massive immune responses. 104 The challenge will be to redirect this response towards the tumor.
An interesting approach to target tumor cells by recombinant vaccinia viruses and attenuated bacteria has recently been described. 105 Intravenous injection of recombinant vaccinia viruses or attenuated Salmonella or Shigella bacteria resulted in preferential replication of these organisms in tumor tissue, presumably because the tumor provides an 'immuno privileged' site. Although this technique is clearly in its infancy, it could provide new opportunities to reach more tumor cells as well as small metastatic deposits. Whereas vaccinia virus recombinants have already been used in gene therapy trials, 17 the use of attenuated bacteria as gene therapy vehicles is relatively novel. Nevertheless, encouraging results have been reported with attenuated Salmonella bacteria, harboring plasmids that encode tumor antigens, cytokines and antiangiogenic proteins, as therapeutic vaccines in preclinical models. 106, 107 A radically different approach to cancer gene therapy involves the use of replicating, oncolytic viruses. This strategy is based on the observation that most tumor cells have impaired antiviral responses that makes them more sensitive for cytolytic viruses. Examples of such oncolytic viruses include reovirus, 108 measles and mumps virus 109 and sindbis virus. 110 The efficacy of the ONYX-015 adenovirus also depends on its oncolytic properties. One such strategy that has been evaluated in mesothelioma is based on a non-neurovirulent HSV variant. 111 A mutant virus was created that lacked both copies of the ICP-34.5 gene. This resulted in a replication-restricted virus, which preferentially replicated in tumor cells. Human malignant mesothelioma cells supported growth of the mutant virus and were lysed as a result.
Concluding remarks
Gene therapy has not yet delivered the anticancer response hoped for. Instead, this area has become increasingly complex as it is now realized that the vector, the route and the desired transgene/s need to be identified and optimized for each disease. Nonetheless, mesothelioma is one cancer type that may be particularly well suited for gene therapy due to its accessibility and promising results to date. It is also clear that expression of a single transgene is unlikely to be sufficient to eradicate a tumor (such as mesothelioma) that is diagnosed late in disease progression. Hence, attacking several facets of tumor immuno-biology has a higher chance of success. This combination could consist of genes coding for molecules that induce apoptosis with ones that inhibit angiogenesis and/or function as immune adjuvants.
